Nbmodified ultrafine TiSi eutectic alloys were made by cold crucible levitation melting, tested in compression at room temperature, and characterized by electron microscopy. Compression tests of (Ti 86.5 Si 13.5 ) 97 Nb 3 specimens measured an ultimate compressive strength of 1180 MPa and a compressive plastic strain of 12%, both of which are higher than in eutectic 
Introduction
Titanium alloys have relatively low density, high tensile strength and toughness, and good elevatedtemperature oxidation resistance and strength. This combination of properties makes titanium alloys widely useful for aerospace, medical, structural, and chemical processing applications [1, 2] . Ultrafine grained (ufg) and nanocrystalline (nc) Tibased alloys would provide much greater strength than their coarsegrained counterparts, as indicated by the wellknown HallPetch relation. Reducing the grain size will cause the material to become stronger [3] ; however, ultrafinegrain (ufg) and nanocrystalline (nc) materials typically have low ductility and fracture toughness, making them vulnerable to catastrophic failure. This limits their engineering usefulness as structural materials [4] . The ductility limitations of ufg and nc materials have been attributed to artifacts from sample preparation, force instability in tension, and crack nucleation or propagation instability [5] .
Improving the ambient temperature ductility of ufg and nc materials has been an important subject in the development of advanced structural materials. Various strategies have been employed to improve the ductility of nanostructured metals and alloys, including bimodal (or multimodal) grain size distributions [3, 6] . Wang et al. reported that an unusually large strain (65%) and high yield strength (400 MPa) were achieved by cold rolling Cu to create a bimodal grain size distribution with micrometersized grains embedded inside a matrix of nanocrystalline grains [7] . Other ductilizing approaches include materials with nanotwins, using phase transformation and twinninginduced ductility to achieve high strength, ductility and conductivity [3, 6, 810] .
Silicon is an important alloying element in Tibased alloys destined for elevatedtemperature applications. It is used extensively as an effective strengthening agent in solid solution. In addition, the precipitation of silicide compounds (e.g., Ti 5 Si 3 ) was found to provide a useful contribution to dispersion strengthening and improved microstructural stability at elevated temperatures [11, 12] . Si also improves creep resistance of TiAlbased alloys by forming Ti 5 Si 3 silicide that pins dislocations [13] . Significant research efforts on transitionmetal (TM) silicides with the 5:3 stoichiometry (TM 5 Si 3 ) have been conducted to examine their synthesis [14, 15] , mechanical properties [16, 17] , deformation [18] , thermal properties and oxidation behavior [19, 20] . However, information about the microstructure and mechanical properties for eutectic TiSi alloys is still limited. Nb is a Ti stabilizer, and the β TiNb binary phase diagram reveals that Ti and Nb can form solid solutions at all compositions at elevated temperatures [21] . Thus, it is expected that Nb addition might improve the ductility of the eutectic TiSi alloys by changing the microstructural morphology.
In the present research, we report on the relation between microstructure and mechanical behavior of TiSi eutectic alloys modified by Nb addition. The ascast Nbmodified TiSi eutectic alloy having bimodal structure shows a plastic strain of 12% while preserving an ultimate strength of 1180 MPa. We pay special attention to the correlation between the microstructures and mechanical properties. It is hoped that this study will improve understanding of ufg and nc materials by providing a better understanding of methods to produce highperformance ufg and nc structural materials via microstructural manipulation. were flipped and remelted four times in order to minimize composition variation within the specimens. The phase constituents of the alloys were characterized by a D/MAX3C Xray diffractometer using Cu K 1 α radiation (λ = 0.1541 nm).
Experimental procedure
Compression specimens 3 mm in diameter and 6 mm long were cut by electricaldischarge machining (EDM). The compression tests were carried out at a constant strain rate of 1×10 Si and Nb are known as α and Ti stabilizer elements, respectively.
Results and discussion
Dobromyslov et al. [23] reported that the minimum concentration limit of the alloying metal Nb necessary for the complete stabilization of the Ti in binary TiNb alloy is about 23 at.%. Therefore, there is only αTi(Si,Nb) phase formation with the addition of 3 at.% Nb in the (Ti 86.5 Si 13.5 ) 97 Nb 3 alloy, which has been confirmed by XRD and SEM results shown in Fig. 1 and 2 . The lattice parameters of the αTi in the eutectic Ti 86.5 Si 13.5 and (Ti 86.5 Si 13.5 ) 97 Nb 3 alloys are larger than those of pure αTi (a = 0.2944 nm, c = 0.4678 nm) due to dissolution of Si and Nb ( Typical eutectic structures are rodlike, lamellar, globular, and acicular [25] . 
Conclusions
Nbmodified ultrafine TiSi eutectic alloys were fabricated by cold crucible levitation melting, and their mechanical properties were tested in compression at room temperature. Microstructural investigations indicated that the rodlike structure present in the eutectic Ti 86.5 Si 13.5 alloy could be modified by the addition of Nb to obtain a bimodal structure with micrometersized primary αTi dendrites embedded in the refined ultrafine eutectic matrix. The enhanced plasticity of the Nbmodified TiSi eutectic alloy is attributed to the bimodal structure, reduced ultrafine rod spacing, and the compatibility between the αTi (A3) and 
